ACROSS THE GLOBE, NATURAL HABITATS ARE BEING FRAGMENTED BY HUMAN ACTIVITIES WITH
The ability of species to move between habitat patches depends on species' dispersal 13 ability, a complex process that integrates the physical costs of movement through preferred vary in their sensitivity to habitat boundaries, and hence to rainforest fragmentation effects, but 15 data quantifying movement of species across rainforest boundaries and how ecological traits 16 influence edge-crossing behavior are lacking.
17
The movement of individuals across a habitat boundary is predicted to follow . In order to develop effective conservation management there is a pressing 6 need to determine the permeability of forest-oil palm plantation boundaries to forest-dependent 7 species (i.e., species that are dependent on forest habitat to breed). If forest species are unable to 8 cross forest boundaries, then plantations will form barriers to the movement of individuals 9 among forest patches thereby reducing habitat connectivity for these species. We investigated the 10 movement of species at forest-oil palm plantation boundaries, and tested the hypotheses that net 11 flow of individuals is from forest into plantations, and that plantations are barriers to movement 12 of many forest-dependent species, hence we predicted fewer overall movements of species from 13 forest into plantations compared with movements within forest. In addition, we predicted that 14 plantations will be less of a barrier to species whose larval host plants occur within the 15 plantation, and we also examined whether other species' traits (forewing length, larval host plant 16 specificity and geographical range size) affected boundary crossing. We selected these traits for 17 study because they have previously been shown to affect the sensitivity of tropical butterfly Fig. 1A) . Our sampling design comprised two groups of two sites; groups were ~115 km apart, 8 and sites within each group were more than 5 km apart (Fig. 1A ). Sites were located at 9 boundaries between mature fruiting oil palm (cleared and planted between 1998-2000) and 10 production forest that had been selectively logged at least twice (Fig. S1 ), representing habitat 11 mosaics and boundaries typical of plantation landscapes (Tawatao et al. 2014 ). We selected four 12 forest sites that had experienced similar levels of disturbance (due to repeated commercial 13 selective logging) and that were adjacent to oil palm plantations of similar age (~13-16 yr since 14 planting). Thus, we minimized site-level differences in habitat structure, allowing us to focus on (Fig. 1A) . To characterize the structure of forest-oil palm 19 plantation boundaries at the four study sites we measured a number of variables in the two 20 habitat types (detailed descriptions of structural habitat and abiotic measurements taken at study 21 sites are given in Appendix S1). Differences in the means and standard errors of these variables 22 among the four sites were small, showing that boundary characteristics were broadly similar 1 (Table S1 ), thus minimizing any influence of site effects on our results. be identified in the field and so were grouped for analysis as Tanaecia/Euthalia sp. In our analysis of species traits (see below) we included only those species with ≥ two 7 individuals recaptured moving between traps. Of these species, larval host plant data were not DATA ANALYSIS.-For our analyses, we combined species data from the four sites because there 18 were insufficient boundary crossing events from any single site to provide robust estimates of 19 species movements per site. However, to check for any site-level effects, we re-ran analyses with 20 species data split by site, and included site identity as a random factor (see Appendix S2 and 21 Table S2 ). This did not alter our main conclusions, although the local abundance of species 22 became more important in the trait analyses (see below) because of low sample sizes per species 23 per site, and so we only report findings from analyses based on combined data from all four sites. 1 We report the number of individuals marked, the habitat they were marked in (forest or 2 plantation; subsequently termed 'forest individuals' and 'plantation individuals'), if they were 3 subsequently recaptured, and whether the recapture was in the same habitat or if the butterfly had 4 crossed the boundary. Only a small number of individuals (14%; 14/100) were recaptured 5 crossing the boundary more than once, and only two individuals crossed more than twice. Thus, 6 the vast majority of individuals that crossed the boundary did so on only one occasion and so for 7 consistency we only analyzed the first recapture, which corresponded to the direction moved 8 after the individual was initially marked. Repeating our analysis using the last direction of 9 recapture did not affect our results and so we only present results for the first recapture. We used 10 chi-squared tests to examine whether the habitat (forest or plantation) an individual was marked 11 in affected its likelihood of crossing the boundary, and of moving between traps. For forest 12 individuals, we compared the number of individuals marked in forest that crossed the boundary 13 into plantation with the number that only moved within forest. We also used a Mann-Whitney U 14 test to compare distances moved by forest and plantation individuals. 15 We used Generalized Linear Mixed Models (GLMMs) with a logit link and binomial capture day or site were not included. To avoid over-fitting models, we could not include 8 multiple traits within a single model. Therefore, to determine which trait was most important for 9 boundary crossing, we fitted four separate GLMMs (examining the importance of forewing 10 length, host plant availability in plantations, diet specificity and geographical range size) and we 11 included only a single trait predictor variable in each model. In addition, we also fitted a separate 12 model that included a measure of species abundance (ln-transformed number of individuals 13 marked in each habitat) as a fixed effect to control for variation in local density and recapture 14 rates of species. Our predictor variables were weakly correlated, i.e., the smallest species were 15 generally the most abundant, and had host plants present in plantations (see Fig. 2 for   16 relationships between species traits), but we ran separate models for all four traits in order to 17 explore the relative importance of traits on the probability of boundary crossing. In addition, we 18 also incorporated an obligate habitat (of first capture) covariate into each of the models, as a random factor to control for phylogeny. 22 We compared the difference in the Akaike information criterion ( AICc) and models 1 where AICc < 2 were considered to be no better than a 'habitat-only' model (i.e., a model Table S3 for summary data of butterfly recaptures). Of the 28 species recaptured, 11 species 19 had larval host plants present within oil palm plantations, whilst eight species did not, and so 20 were assumed to be forest-dependent; for nine species there was no host plant information (see 21   Table S4 for full species list). Boundary crossing was relatively common in some species, and 22 100 individuals from 13 species crossed the boundary ( 2 (1) = 59.6, P < 0.0001) (Fig. 3) . Thus, net flow of movement of 7 individuals was from forest into plantation. 
13
This implies that most forest individuals did not perceive the boundary as a barrier. However,
14
there was considerable variation among species marked in forest in relation to boundary crossing 15 (Table 1) , and larval host plant availability, forewing length and abundance were important 16 factors affecting these movements ( and support epiphyte species that are important for some forest species (e.g., birds: Koh 2008).
7
In our study, some species with larval host plants restricted to forest were nonetheless captured 8 in plantation in relatively high abundance, despite being recorded crossing the boundary less 9 frequently than some species that could breed within the plantation matrix (Table 1 ). This
10
implies that some forest-dependent species (e.g., Charaxes bernardus and Dophla evelina; Table   11 1) are more capable of crossing the boundary than we recorded, and hence may be able to move 12 through the oil palm matrix, particularly strong fliers such as C. bernardus (S.A.S. pers. obs.).
13
Boundary crossing from forest to plantations is likely influenced by both internal (e.g.,
14
genetic dispersal cues and behavior) and external factors (e.g., vegetation structure, abiotic There is little information on whether trap efficiency varies among habitat types for traps, and this topic requires further study.
16
From of a total of 65 species captured during our study, there were only 17 species with 17 multiple individuals recaptured in a different trap (of which larval host plant information was 18 available for 16 species), and so our analyses of species traits were based on a relatively small 19 number of species. In addition, the small number of species meant we could not include multiple 20 species traits in models because of over-fitting, yet it is likely that there are interactions among 21 traits that may affect movement (i.e., the smallest species are also the most abundant; Fig. 2 ).
22
Our experimental design allowed us to examine general patterns of boundary crossing, but future 23 work examining factors such as trap-location, distance from edge, 'hardness' of the edge, or time 1 of day on boundary crossing would be interesting new topic areas for study. than those in plantations. However, all our forest traps were relatively close to the forest edge, 5 and so these mobility levels may not be representative of movement within closed-canopy 6 interior forest. Over half of all species we marked were not subsequently recaptured, likely 7 reflecting high mobility, large home ranges and lack of territoriality in our study species The data used in this study are archived at the Dryad Digital Repository 1 (doi:10.5061/dryad.2m19h). Additional Supporting Information may be found with online material:
6 APPENDIX S1. Measuring vegetation structure at study sites.
7
APPENDIX S2. Additional statistical analyses with species data split by site.
8
FIGURE S1
. Photographs of forest-oil palm plantation boundaries at study sites.
9
FIGURE S2. Temperature, shade cover and ground cover summarized across lateral section of 10 study site. Pervasive defaunation of forest remnants in a tropical biodiversity hotspot. 
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